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FIELD OF THE INVENTION 
The present invention relates to a method and apparatus for recording/reproducing 
magnetization information, more particularly to a new method and apparatus for 
recording/reproducing magnetization information, preferred for high density recording. 



BACKGROUND OF THE INVENTION 
Conventionally, a magnetic head has been used to write magnetization information in a 
hard disk drive (HDD). The magnetic head uses a magnetic field generated from a coil. And, the 
HDD recording density has been required to become higher and higher. As known well, when 
an HDD magnetic head becomes minute such way to meet the recording domain that becomes 
minute more and more as a result of achievement of such high density recording, the magnetic 
field to be generated from the magnetic head becomes weak under the influence of anti-magnetic 
field components generated from the tip of the magnetic head. In addition, if the recording 
domain becomes minute such way, the magnetizing direction written in the recording domain 
becomes thermally unstable and the material of the recording medium comes to be required to 
become higher in magnetic anisotrophy to overcome the thermally unstable state. Therefore, the 
HDD recording head also comes to be required to generate a higher writing magnetic field. This 
is why it has been expected to develop another writing method to be employed for writing 
magnetization information in such very high density recording operations instead of using the 
conventional magnetic head. On the other hand, it is also known well that the conventional 
magnetization information writing method that uses a current causes the power consumption to 
increase due to the minuteness of the recording domain even in fixed memories represented by 
the random access memory (MRAM) that employs a non-volatile magnetization method. And, 
in order to solve such conventional problems, there has been proposed a writing method that 
makes good use of the spin injection magnetization inverting instead of those magnetization 
information writing methods that have used a current respectively. The proposed method injects 
spin-polarized electrons into the subject magnetic material to invert the object magnetization 
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area, thereby writing magnetization information therein. However, because the writing current 
threshold value is as high as lO^A/cm^, the method is also required to be more improved for 
power consumption. 

There is also proposed another writing method, which is a magnetization controlling 
method that uses an electrical field. For example, the method described in the non-patent 
document 1 controls the exchange interaction to occur between two ferromagnetic ferromagnetic 
metal layers by controlling the carrier density in the subject semiconductor layer using an 
electrical field. The semiconductor layer is structured as a laminated film consisting of a 
ferromagnetic metal layer, a semiconductor layer, and another ferromagnetic metal layer and 
the method controls the magnetization state of each of the ferromagnetic metal layers. In 
another writing method described in the non-patent document 2, the recording medium is 
provided with an insulating layer in the three-layer structure consisting of a ferromagnetic metal 
layer, a non-magnetic metal layer, and another ferromagnetic metal layer just like the above 
laminated layer consisting of a ferromagnetic metal layer, a non-magnetic metal layer, an 
insulating layer, and another ferromagnetic metal layer, then applies a voltage between the two 
ferromagnetic metal layers to control the exchange interaction to be generated between those 
ferromagnetic metal layers, thereby controlling the magnetization state in each of them. On the 
other hand, the writing method described in the patent document 1 provides a semiconductor 
layer outside the three-layer laminated film structure consisting of a ferromagnetic metal layer, a 
non-magnetic metal layer, and a ferromagnetic metal layer to control both width and height of a 
Schottky barrier to be generated at the phase boundary between each ferromagnetic metal layer 
and the semiconductor layer with use of an electrical field, thereby controlling the exchange 
interaction to occur between the ferromagnetic metal layers and cause the state of magnetization 
to be inverted. 

Each of those magnetization information controlling techniques that use an electrical 
field respectively enables high density recording with low power consumption and they will 
become favorable techniques in the fiiture. In that connection, there are also other well-known 
general methods for controlling a position from the surface of a metal probe usually with use of a 
tunnel current, an optical lever (disclosed in the patent document 2), etc. respectively. 
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On the other hand, in order to read magnetization information written in a recording 
medium, an element that employs the GMR (Giant Magneto-Resistance) effect is used. 
However, because the recording unit is becoming minute more and more due to the requirement 
of high density recording, such elements are also required to be improved more in sensitivity and 
reduced in distance from the subject recording medium. And, because the element film of the 
conventional GMR element cannot be reduced in film thickness, it is difficult for the element to 
reduce the distance from the recording medium. On the other hand, the element that employs the 
TMR (Tunneling Magneto-Resistance) effect and is expected to become more sensitive is also 
doubtful about whether it can stand the GHz level operation, since its resistance itself is large and 
it employs the tunnel effect. This is why the development of another new reading method has 
been expected. 

The patent document 3 discloses a method for reading magnetization information by 
detecting a light emission from the recording medium. On the recording medium are disposed a 
probe electrodes so that they face each other and the applied voltage between the probe and the 
medium induces the light emission. Those magnetization information techniques that use a 
metal probe respectively are considered to be favorable as techniques for reproducing nm-order 
information. 

Although it is not a magnetization information detecting technique, it is well known that 
if a Ught beam is irradiated on a metal surface while a metal probe is brought closer to the 
surface, the tunnel current increases there. For example, the non-patent document 3 discloses a 
phenomenon that if a light beam is irradiated between a metal surface and a metal probe to cause 
plasmon excitation there, a large direct current flows between them. 
[Patent document 1] Official gazette of JP-A No. 19666 1/2001 
[Patent document 2] Official gazette of JP-A No.73906/1999 
[Patent document 3] Official gazette of JP-A No.250735/1993 
[Patent document 4] Official gazette of JP-A No.2 15627/2000 
[Non-patent docimient 1] Mattsonet et al, Phys. Rev. Lett. 71, 185(1993) 
[Non-patent document 2] Chun-Yoel Youi et al., J. Appl. Phys., 87, 5215(2000) 
[Non-patent document 3] Stefan Grafstrom, Appl.Phys.Rev, 91, 1717(2002). 



SUMMARY OF THE INVENTION 

It is possible to read a relative magnetization direction by a tunneling current through a 
probe electrode which is disposed on the recording medium, when the recording mediimi 
consists of three layered structure including the first ferromagnetic metal layer, non-magnetic 
metal layer, and the second ferromagnetic metal layer. Because the electronic structure depends 
on the parallel and antiparallel magnetic directions in the three layered structure, STS (Scanning 
Tunneling Spectroscopy) profile is different, and it is possible to distinguish the parallel and 
antiparallel magnetic directions through the tunneling cvirrent. The method employing an 
ordinary STS technique, the measured current is usually about nA when the distance between the 
metal probe and the surface of the recording medixmi is about Inm. On the other hand, in the 
case of a terabyte level HDD, the magnetization information reading speed is required to be at 
least about IGHz (10^ times/s). In the case of such a detecting method as the STS technique, 
which uses a tunnel current, shot noise generation is unavoidable theoretically. For example, if 
the operation speed is IGHz and the S/N ratio is 20dB, then the tunnel current is required to be 
|LiA or so to obtain an S/N ratio of 20dB. The measurement current increases by bringing the 
metal probe closer to the surface of the recording medium. In that case, however, the metal 
probe might come into contact with the surface of the recording medium, thereby the metal 
probe might be deformed/damaged. 

Under such circxmistances, it is an object of the present invention to provide a new 
magnetization information detecting method capable of reading written magnetization 
information at a GHz level operation speed while the metal probe is separated as far as possible 
firom the surface of the object recording medium. 

The magnetization state writing method of the present invention uses a metal probe 
disposed so as to face the surface of a medium that includes a multilayer film consisting at least 
three layers of a ferromagnetic metal layer, a non-magnetic metal layer, and another 
ferromagnetic metal layer to control the magnetization state in the medium. The three-layered 
film may be covered by a protection film, for example, an Au film. If the metal probe is put close 
to the multilayer film or an electrical field is applied to the multilayer film, the image potential of 
the surface of the multilayer film can be modulated. And, this modulation of the image potential 
causes the quantum well energy formed in the multilayer film to be changed. Consequently, the 
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positive/negative state of the exchange interaction that works between the two ferromagnetic 
metal layers, that is, the relative magnetization state in the multilayer film can be changed. 

After that, a light beam is irradiated between the multilayer film and the metal probe to 
read the magnetization information written in the multilayer film. Because the plasmon 
resonance frequency in the multilayer film differs according to whether the magnetizing 
directions of the two ferromagnetic metal layers of the multilayer film are parallel or antiparallel, 
it is possible to control whether to generate plasmon resonance between the metal probe and the 
multilayer film by selecting a proper wavelength of the incident light beam. If plasmon is 
excited between the metal probe and the multilayer film, the tunnel current value increases by 
three figures or so. Consequently, a tunnel current enough to stand GHz level reading is 
obtained. And, whether the magnetizing directions in the multilayer film are parallel or 
antiparallel can also be read by measuring the strength and/or polarization change of the light 
beam emitted from the plasmon excited at the tip of the metal probe. 

hi other words, the magnetization information recording/reproducing method of the 
present invention includes a step of positioning the metal probe so as to make it face a multilayer 
film consisting of a first ferromagnetic metal layer, a nonmagnetic metal layer formed on the first 
ferromagnetic metal layer, and a second ferromagnetic metal film formed on the nonmagnetic 
metal layer; a step of applying a voltage between the multilayer film and the metal probe to 
generate magnetization in an area of the multilayer film facing the metal probe according to the 
applied voltage, thereby writing magnetization information therein; a step of irradiating a light 
beam between the metal probe and the multilayer film to induce plasmon there while detecting 
the tunnel current flowing between the metal probe and the multilayer film; and a step of reading 
the magnetization information from the multilayer film according to the detected tunnel current. 

The wavelength of the light beam irradiated between the metal probe and the multilayer 
film may be a wavelength that causes plasmon resonance when magnetizing directions of the 
first and second ferromagnetic metal layers are parallel to each other or a wavelength that causes 
plasmon resonance when magnetizing directions of the first and second ferromagnetic metal 
layers are antiparallel to each other. 

The wavelength of the light beam irradiated between the metal probe and the multilayer 
film may be modulated by a fixed frequency within a range between the wavelength that causes 
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plasmon resonance when magnetizing directions of the first and second ferromagnetic metal 
layers are parallel to each other and the wavelength that causes plasmon resonance when the first 
and second ferromagnetic metal layers are antiparallel to each other. In that connection, phase 
sensitive detection of the tunnel current can be made by the modulation firequency to read 
magnetization information fi"om the multilayer film. 

The magnetization information recording/reproducing apparatus of the present invention 
includes a recording medium that includes a multilayer film consisting of a first ferromagnetic 
metal layer, a non-magnetic metal layer formed on the first ferromagnetic metal layer, and a 
second ferromagnetic metal layer formed on the non-magnetic metal layer; a metal probe 
disposed so as to face the recording medium; voltage applying means for applying a voltage 
between the metal probe and the recording medium; and light beam irradiating means for 
irradiating a light beam between the metal probe and the recording medium. 

The light irradiating means can have means for irradiating a light beam having a 
wavelength that causes plasmon resonance when the magnetizing directions of the first and 
second ferromagnetic metal layers are parallel to each other or a wavelength that causes plasmon 
resonance when the magnetizing directions of the first and second ferromagnetic metal layers are 
antiparallel to each other and detecting the tunnel current flowing between the metal probe and 
the recording medium, hi that connection, the polarization of the light beam to be irradiated may 
be modulated by a fixed fi-equency to detect the modulation fi-equency component of the detected 
tunnel current. 

The light irradiating means should modulate the wavelength of the light beam to be 
irradiated with a fixed frequency within a range between the wavelength that causes plasmon 
resonance when the magnetizing directions of the first and second ferromagnetic metal layers are 
parallel to each other and the wavelength that causes plasmon resonance when the magnetizing 
directions of the first and second ferromagnetic metal layers are antiparallel to each other. And, 
the light beam irradiating means may be provided wdth means for detecting the tunnel current 
flowing between the metal probe and the recording medium and means for enabling phase 
sensitive detection of the detected tunnel current with the modulation fi-equency. 
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Therefore, according to the present invention, it is possible to obtain a method £ind 
apparatus for realizing non-contact high density recording/detecting of magnetization 
information at low power consumption. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig.l is a concept chart for describing an example of a magnetization information 
recording/reproducing apparatus of the present invention; 

Fig.2 is a graph for describing an example of how to calculate a change of the real part of 
a dielectric function and a change of a plasmon energy to be caused by a change of a quantum 
well level energy in a multilayer film; 

Fig.3 is a graph for describing changes of a tunnel current flowing between a metal 
probe and the multilayer film when light beam irradiation is turned on/off; 

Fig.4 is a graph for describing a change of the tunnel current to be caused by whether the 
magnetizing directions of recorded magnetization information are parallel or antiparallel to each 
other; 

Fig.5 is a circuit diagram of the magnetization information recording/reproducing 
apparatus provided with a polarizing plate for controlling polarization of an incident light beam; 

Fig.6 is a graph for describing changes of a tunnel current denoted as a function of an 
incident light beam polarization degree in accordance with whether the magnetizing directions 
of recorded magnetization information are parallel or antiparallel to each other; 

Fig.7 is a circuit diagram of the apparatus provided with a Pockels cell for modulating 
polarization of an incident light beam; 

Fig. 8 is a graph for describing changes of a tunnel current denoted as a function of an 
incident light beam wavelength in accordance with whether the magnetizing directions of 
recorded magnetization information are parallel or antiparallel to each other; 

Fig.9 is a circuit diagram of the apparatus provided with a mechanism for modulating 
the wavelength of an incident light beam; 

Fig, 10 is another concept chart of the magnetization information recording/reproducing 
apparatus of the present invention; 
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Fig.l 1 is still another concept chart of the magnetization information 
recording/reproducing apparatus of the present invention; 

Fig. 12 is a bird- view of a recording medium provided with a plurality of nano-pillars; 

Figs. 13 A, 13B, 13C, and 13D show structures of the recording medium provided with 
nano-pillars; 

Fig. 14 is a graph for describing a tunnel current value denoted as a function of a 
nano-pillar position; 

Fig. 15 is an example of a servo pattern of a rotary recording medium; 

Fig. 16 is still another concept chart of the magnetization information 
recording/reproducing apparatus of the present invention; 

Figs.l7A, 17B, 17C, 17D, and 17E show other structures of the recording medium 
provided with a plurality of nano-pillars; 

Fig. 18 is a concept block diagram of a magnetic recording device of the present 
invention; 

Figs.l9A and 19B show a structure of a slider provided with a metal prove for receiving 
an incident light beam at its tip; 

Figs.20A, 20B, and 20C show another structure of the slider of the magnetic recording 
device of the present invention; 

Figs.21A, 2 IB, and 21 C are schematic charts of another structure of the magnetic 
recording device of the present invention; 

Figs.22A and 22B are schematic charts of still another stmcture of the magnetic 
recording device of the present invention; and 

Figs.23A, 23B, and 23 C are schematic charts of still another structure of the magnetic 
recording device of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Hereunder, the principles of the magnetization information detection by using a metal 
probe, as well as the preferred embodiments of the present invention will be described vsdth 
reference to the accompanying drawings. In all of the accompanying drawings, the same • 
numerals will be used for the same functional parts. 
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[First Embodiment] 

Fig. 1 shows a concept chart for describing a magnetization information 
recording/reproducing apparatus of the present invention. This apparatus is mainly configured 
by a magnetic recording medivmi 50, a metal probe 5 disposed so as to face the medium 50, and 
an irradiation light beam 120. 

. The magnetic recording medium 50 is configured by a multilayer film 41 formed by 
laminating a ferromagnetic metal layer 1, a nonmagnetic metal layer 2, a ferromagnetic metal 
layer 3, and a protection film 4 sequentially on a substrate 100. The metal probe 5 is disposed so 
as to face the surface of the protection film 4 with a Inm order gap therebetween. The metal 
probe 5 is held by a slider mechanism 6 structured just like that of a hard disk drive. At this time, 
a tunnel current may be used as a feedback signal for controlling the distance (gap) between the 
protection film 4 and the metal probe 5. The feedback signal may also be generated using an 
optical lever method used in an ordinary atomic force microscope. A distance controlling probe 
niay also be provided separately firom the metal probe 5 used to control the electrical field to be 
described below. 

The ferromagnetic metal layers 1 and 3 included in the multilayer film 41 may be formed 
with such a single ferromagnetic metal as Fe, Co, Ni, or the like or such an alloy as CoFe, NiFe, 
CoNi, or the like. The non-magnetic metal layer 2 may be formed with such a metal as Au, Ag, 
Cu, Pt, Pd, or the like. The protection layer 4 may be formed with such a non-magnetic precious 
metal as Au. The protection layer 4 may also be omitted. In this embodiment, Fe is used for the 
ferromagnetic metal layers 1 and 3, Au is used for the non-magnetic metal layer 2, and Au is 
used for the protection film 4. 

The sp-like electrons at the Fermi level or so in the multilayer film 41 are localized in the 
film 41 itself, so that various types of quantum well states 7 to 10 as shown in Fig.l explanatorily 
are formed according to how they are blocked in there. 

The right half of Fig.l shows that the magnetizing directions of the ferromagnetic metal 
layers 1 and 3 are parallel to each other as shovra by long arrows. In that case, the electrons 
having an electron spin as shown by short arrows that are not in parallel to the magnetizing 
directions are almost localized in the non-magnetic metal layer 2 as shown by a reference 
numeral 8. On the other hand, the electrons having the spin as shown in short arrows that are in 



parallel to the magnetizing directions are localized wholly in the multilayer film 41 as shown by 
a reference numeral 7. 

The left half of Fig. 1 shows that the magnetizing directions of the ferromagnetic metal 
layers 1 and 3 are antiparallel to each other. In that case, the state of the electrons depends on 
their spin and the electrons are localized in the films 1 and 2 as shown by a reference numeral 9 
or in the fihns 2 to 3 as shown by a reference numeral 10. 

The state of the electrons that form those quantum wells depends on the relative 
magnetizing directions of the ferromagnetic metd layers 1 and 3, as well as sensitively on the 
state of the surface of the multilayer film 41 (protection film 4). If the metal probe 5 is brought 
closely to the surface of the protection film 4, which is the surface of the multilayer film 41, the 
image potentials of the protection film 4 and the metal probe 5 are overlapped with each other, 
thereby the effective potential that blocks up the quantum well electrons is deformed. 

In the magnetization information recording/reproducing apparatus of the present 
invention, a voltage Eo or -Eo can be applied between the multilayer film 41 and the metal probe 
5 while the distance between the surface of the protection film 4 and the metal probe 5 is kept at 
a predetermined value. In other words, if a switch 17 or 18 is turned on selectively to apply the 
voltage Eo or -Eo between the multilayer film 4 1 and the metal probe 5, the blocking-up potential 
on the surface of the protection film 4 changes. As a result, the environmental condition for 
blocking up the quantum well electrons changes, thereby the energy level of the electrons in the 
quantum well also changes. And, when the energy level of the quantum well electrons changes 
such way, the magnetizing directions of the ferromagnetic metal layers 1 and 3 come to change 
relatively, thereby magnetization information is recorded according to whether the magnetizing 
directions of those layers 1 and 3 are parallel or antiparallel to each other. If the combination of 
the ferromagnetic metal layers 1 and 3 /the nonmagnetic metal layer 2 is Co/Pd, Co/Pt, or Fe/Pt, 
their magnetizing directions become vertical to the film surface. However, the quantum well 
level can also be controlled similarly for both of the layers. 

Magnetization information written in the multilayer film 41 can be read by turning on a 
switch 16 to apply a voltage E (|E|«| Eo|) between the multilayer film 41 and the metal probe 5, 
then using the tunnel current 15 flowing between the metal probe 5 and the multilayer film 41 . 
This is because the energy level of the electrons in the quantum well formed in the multilayer 
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film 41 changes in accordance with whether the magnetizing directions of the ferromagnetic 
metal layers 1 and 3 are parallel or antiparallel to each other, thereby the tuimel current measured 
at a fixed voltage E changes according to those magnetizing directions. 

When reading magnetization information from a multilayer film using such a tunnel 
current, a light beam 120 irradiated fi-om a semiconductor laser is applied around a portion 
between the metal probe 5 and the protection film 4. Then, a proper energy of the incident light 
beam 120 is selected to excite the plasmon between the metal probe 5 and the protection film 4. 

Fig.2 shows a graph for describing an estimated change of the real part of an dielectric 
fiinction of the protection film 4 when the energy level of the electrons in the quantum well 
formed in the protection film 4 goes up/down by 0.1 eV in accordance with whether the 
magnetizing directions of the ferromagnetic metal layers 1 and 3 are parallel or antiparallel to 
each other. The protection fibn 4 is made of Au. The solid line in Fig.2 shows the real part of the 
bulk Au dielectric fiinction. However, the real part of the dielectric fimction changes as shown 
by a dotted line or alternate long and short dash line when the electrons in the quantum well 
formed in the protection film 4 goes up/down by 0.1 eV in accordance with whether the 
magnetizing directions of the ferromagnetic metal layers 1 and 3 are parallel or antiparallel to 
each other. The energy with which the real part of the dielectric fianction becomes -1 comes to 
cause surface plasmon resonance. The graph shown in Fig.2 shows that if the energy of the 
quantum well level goes up/down by --0.1 to 0.1 eV, the resonance energy changes significantly, 
for example, firom 2.6 to 3.4 eV. 

Fig.3 shows a graph for describing a fimction of the bias voltage E between the metal 
probe 5 and the protection film 4; the fimction denotes a tunnel current value assumed when the 
energy of the incident light beam 120 is set around the plasmon resonance energy. When the 
incident light beam 120 is tumed on, the tunnel current increases more than when the incident 
light beam is tumed off. Particularly, the tunnel current increases by about 3 figures when the 
bias voltage E is about OV. And, when the incident light beam 120 is tumed on, an nA level 
tunnel current can be amplified up to a |aA level. 

Fig.4 shows a graph for describing a fimction of a recording position; the fimction 
denotes a change of the tunnel current 1 5 when the energy of the incident light beam 1 20 is set as 
a plasmon resonance energy while the magnetizing directions of the ferromagnetic metal layers 
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1 and 3 are antiparallel to each other. As shown in Fig.2, because the plasmon resonance energy 
changes in accordance with whether the magnetizing directions of the ferromagnetic metal 
layers 1 and 3 are parallel or antiparallel to each other, the value of the tunnel current 1 5 comes to 
change in accordance with the magnetizing directions of the ferromagnetic metal layers 1 and 3 
that are antiparallel to each other. In Fig.4, because the energy of the incident light beam 120 is 
set so that the plasmon resonance occurs when the magnetizing directions of the ferromagnetic 
metal layers 1 and 3 are antiparallel to each other, the tunnel current increases when those 
magnetizing directions are antiparallel to each other. However, the energy of the incident light 
beam 120 may also be set so that the plasmon resonance occurs when the magnetizing directions 
of the ferromagnetic metal layers 1 and 3 are parallel to each other. In that connection, the timnel 
current 15 comes to increase when those magnetizing directions are parallel to each other. 

As shown in Fig.5, a polarizing plate 1 9 may be provided in the path of the incident light 
beam 120 to control the polarizing direction of the incident light beam 120. An increase of the 
tunnel current 15 is observed remarkably when the incident light beam 120 is polarized axially to 
the metal probe 5 (P polarization). If the incident light beam 120 is polarized vertically to the 
axis of the metal probe 5 (S polarization), the tunnel current 15 does not increase effectively so 
much. In the case of the P polarization (axially to the axis of the metal probe 5), it is possible to 
read the recorded magnetizing direction at a fxA level tunnel current and read GHz level 
information at an S/N ratio of 20dB or so. In that case, it is also possible to obtain the same effect 
as the tunnel current detection even when a photo detector 122 is used to detect the strength 121 
of the light emitted from the plasmon generated between the tip of the metal probe 5 and the 
multilayer film 4 1 , 

Fig.6 shows a graph for describing the value of the tunnel current flowing between the 
metal probe 5 and the protection film 4 as a function of the polarizing direction of the incident 
light beam 120. In this case, the wavelength of the incident light beam 120 is selected so that 
plasmon resonance occvirs when the magnetizing directions of the ferromagnetic metal layers 1 
and 3 are antiparallel to each other at the time of recording. At this time, the plasmon resonance 
causes the tunnel current to flow more than when the magnetizing directions are parallel to each 
other. 



12 



As shown in Fig.7, the linearly polarized light beam that passes the polarizing plate 19 
can be polarized by 90" with a half- wavelength voltage applied to a Pockels cell 130. An output 
of an AC power source 1 32 is applied to the Pockels cell 1 30 to modulate the polarization state of 
the incident light beam 120 at that time while the modulation frequency component 136 of the 
tunnel current 134 is detected by a lock-in amplifier 135, As to be understood fi-om Fig.65 the 
txmnel cvirrent changes more when the magnetizing directions of the layers 1 and 3 are 
antiparallel to each other than when those magnetizing directions are parallel to each other. 
Consequently, the lock-in amplifier 135 that receives a reference fi-equency input 133 firom the 
AC power source 132 can be used to detect such a change of the tunnel current 134 in the 
modulation frequency, thereby the magnetizing direction when in recording can be detected at a 
more favorable S/N ratio. 

Fig.8 shows a graph for describing a value of the tunnel current flowing between the 
metal probe 5 and the protection film 4 as a function of the wavelength of the incident light beam 
120. At this time, A,ap is defined as a wavelength that causes plasmon resonance when the 
magnetizing directions of the layers 1 and 3 for recording are antiparallel to each other and Xp is 
defined as a wavelength that causes plasmon resonance when the magnetizing directions of the 
layers 1 and 3 for recording are parallel to each other. And, as shown in Fig.9, an injection 
cvirrent modulation source 141 is used to modulate the wavelength of the light beam 120 
irradiated fi-om a wavelength modulation laser 140 while the modulation frequency component 
136 of the tunnel current is detected by the lock-in amplifier 135. The wavelength of the incident 
light beam 120 is modulated between X-ap and Xp. The wavelength to be modulated may be by 
Inm or so between Xap and Xp, At that time, as shown in Fig.8, when the magnetizing directions 
of the layers 1 and 3 are antiparallel to each other, the increase/decrease of the tunnel current is 
reversed fi-om that of the tunnel current when the magnetizing directions of the layers 1 and 3 are 
parallel to each other. This is why the magnetizing direction for recording can be detected at a 
high S/N ratio by detecting such an increase/decrease of the tunnel current in the modulation 
frequency. 

[Second Embodiment] 

Fig. 10 shows a concept chart of the magnetization information recording/reproducing 
apparatus in another embodiment of the present invention. Unlike the magnetic recording 
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medium 50 shown in Fig.l, the magnetic recording medium 50 in this second embodiment 
shown in Fig. 10 includes an anti-ferromagnetic layer 51 formed between the substrate 100 and 
the ferromagnetic metal layer 1 in addition to the multilayer film 41 consisting of a 
ferromagnetic metal layer 1, a nonmagnetic metal layer 2, a ferromagnetic metal layer 3, and a 
protection film 4 laminated sequentially on the substrate 100. This is a difference between those 
media 50. 

Even in this second embodiment, the state of the quantum well electrons is the same as 
that in the first embodiment. And, as shown in the right half of Fig. 1 0, if the magnetizing 
directions of the ferromagnetic metal layers 1 and 3 are parallel to each other, the electrons 
having an electronic spin in the opposite magnetizing direction of those of the layers 1 and 3 are 
almost blocked up in the nonmagnetic metal layer 2 as shown by a reference numeral 8. The 
electrons having an electronic spin in the same magnetizing direction as those of the layers 1 and 
3 are blocked up wholly in the multilayer film 41 as shown by a reference niuneral 7. On the 
other hand, as shown in the left half of Fig. 10, if the magnetizing directions of the ferromagnetic 
metal layers 1 and 3 are antiparallel to each other, the state of the electrons depends on the spin 
direction and those electrons come to be localized in the films 1 and 2 as shown by reference 
numeral 9 or in the films 2 to 3 as shown by reference numeral 10. 

In this second embodiment, because the anti-ferromagnetic layer 51 is formed, the 
magnetizing direction of the ferromagnetic metal layer 1 is fixed. This is a difference from the 
first embodiment. However, both writing and reading operations using the metal probe 5 are the 
same as those in the first embodiment. 
[Third Embodiment] 

Fig. 1 1 shows a concept chart of the magnetization information recording/reproducing 
apparatus in still another (third) embodiment of the present invention. In this third embodiment, 
the protection film 4 and the ferromagnetic metal layer 3 included in the multilayer film are 
dot-patterned by a lithographic technique. The lithographic technique is employed widely for 
such manufacturing processes of semiconductor devices as resist patterning, ion milling, resist 
removing, etc. Each of those layers 4 and 3 has many nano-pillars 53 and 54 disposed at regular 
pitches. Fig. 12 shows a bird-view of such a recording medium having a plurality of nano-pillars 
53 and 54. 
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Fig. 13 shows another structure of the recording medium having nano-pillars. Fig.l3A 
shows an example of nano-pillars formed by dot-patteming the structure of a multilayer film 
consisting of a protection film 4, a ferromagnetic layer 3, a nonmagnetic metal layer 2, a 
ferromagnetic layer 1, and an anti-ferromagnetic layer 51. Fig.l3B shows nano-pillars formed 
by forming a common anti-ferromagnetic layer 5 1 on the substrate 100 and patterning a 
ferromagnetic layer 1, a nonmagnetic metal layer 2, a ferromagnetic layer 3, and a protection 
film 4 that are laminated sequentially on the layer 51. Fig.l3C shows nano-pillars formed by 
patterning the nonmagnetic metal layer 2, the ferromagnetic layer 3, and the protection film 4 
while the common anti-ferromagnetic layer 51 is formed on the substrate ICQ. Fig. 1 3D shows 
neino-pillars formed by patterning the protection film 4 and the ferromagnetic metal layer 3 
included in the multilayer film. In Fig. 1 3D, however, the protection film 4 is formed after the 
ferromagnetic metal layer 3 is dot-pattemed, thereby the protection film 4 comes to cover both of 
the top face and side faces of the ferromagnetic metal layer 3. This is a difference fi-om the 
structure shown in Fig.l 1 . 

As to be imderstood fi-om a comparison between Fig.l 1/13 and Fig. 10, each recording 
xmit area of the recording medium is dot-pattemed in the third embodiment and nano-pillars 53 
and 54 are formed corresponding to the storage imit area. This is a difference firom the second 
embodiment. A nano-pillar mentioned above means an nm level ellipse or square pillar formed 
on a plane. Just like the first embodiment, the antirferromagnetic layer 5 1 may be omitted in this 
third embodiment. 

The electrons at the Fermi level or so in the multilayer film 41 generate a quantum well 
state just like the first and second embodiments. In this third embodiment, however, those 
electrons are blocked up in the nano-pillars 53 and 54. This is a difference fi-om the first and 
second embodiments. Because the electrons in the formed quantum well state are blocked up in 
the nano-pillars 53 and 54 such way, each recording area is not influenced by its adjacent 
recording areas so easily, thereby the recording characteristic of the medium is improved. 

The nano-pillars should be structured and disposed so as to correspond the recording 
format of the present magnetic recording disk. A gap may be left over between pillars as shown 
in Fig. 1 3 or the gap may be filled with such a nonmagnetic material as an insulator, for example, 
alumina or as a semiconductor, for example. Si. If a gap is left over between pillars, when the 
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metal probe 5 passes from a nano-pillar to another according to a shift of storage bits, the metal 
probe 5 or nano-pillars might be damaged. 

Fig. 14 shows a graph for describing the space distribution of the turmel current strength 
when a nano-pillar is positioned at (xl or x2). At that time, the wavelength of the incident light 
beam 120 is set so that the plasmon resonance increases when the magnetizing directions of the 
layers 1 and 3 for recording are antiparallel to each other. Consequently, when the magnetizing 
directions of the layers 1 and 3 for recording are antiparallel to each other (x2), the plasmon 
resonance increases more than when those magnetizing directions are parallel to each other (xl). 
When the nano-pillar is positioned between xl and x2, no plasmon resonance occurs and the 
metal probe 5 and the nano-pillar are overlapped less with each other, thereby the plasmon 
resonance decreases. As a result, the turmel current also decreases. This dependency of the 
tunnel current on its position can be used as a servo signal for recording positions. 

Furthermore, because not only the tunnel current, but also the light emission caused by 
plasmon resonance depend on position as shown in Fig. 14, the emission strength can be used as 
a servo signal. As shown in Fig. 1 5, the subject recording medium can be divided into servo 
zones 1 50 in which servo signals are written and data zones 151. Then, for example, as disclosed 
in the patent document 4, pattems are formed in the servo zones beforehand so that they are 
shifted slightly towards the track width in each sector and the signal reproducing strength output 
from each pattem comes to have the maximum and minimum positional deviations towards the 
track width and this can be used to detect such positional deviations towards the track width. 
[Fourth Embodiment] 

Fig. 16 shows a concept chart of the magnetization information recording/reproducing 
apparatus in still another embodiment of the present invention. As to be understood from a 
comparison between Figs. 16 and 10, while the ferromagnetic metal layers 1 and 3 are 
magnetized inward respectively in the second embodiment, they are magnetized vertically to the 
surface of the film respectively in this fourth embodiment. This is a difference between those 
second and fourth embodiments. And, this is possible by selecting materials having vertical 
magnetic anisotropy such as Co/Pt/Co, Co/Pd/Co, and Fe/Pt/Fe for the ferromagnetic metal layer 
1, the nonmagnetic metal layer 2, and the ferromagnetic metal layer 3. 
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Each of the protection film 4 and the ferromagnetic layer 3 may have many nano-pillars 
53 and 54 dot-patterned as shown in Figs.l7A through 17E with use of a lithographic technique 
employed widely for manufacturing processes of semiconductors such as resist patterning, ion 
milling, resist removing, etc. when in forming each layer of the multilayer film, then disposed at 
regular pitches. Fig.l7A shows an example of nano-pillars formed by patterning the structure of 
the multilayer film consisting of a protection film 4, a ferromagnetic layer 3, a nonmagnetic 
metal layer 2, a ferromagnetic layer 1, and an anti-ferromagnetic layer 51. Fig.lVB shows 
nano-pillars formed by forming a common anti-ferromagnetic layer 51 on the substrate 100, then 
patterning the ferromagnetic layer 1, the nonmagnetic metal layer 2, the ferromagnetic layer 3, 
and the protection film 4 laminated sequentially on the layer 51. Fig.l7C shows nano-pillars 
formed by patterning the nonmagnetic metal layer 2, the ferromagnetic layer 3, and the 
protection film 4 after the common anti-ferromagnetic layer 51 is formed on the substrate 100. 
Fig.l7D shows nano-pillars formed by patterning the protection film 4 and the ferromagnetic 
metal layer 3 included in the multilayer film. In Fig. 1 7E, just like Fig. 1 7D, nano-pillars are 
formed at the protection film 4 and the ferromagnetic metal layer 3 included in the multilayer 
film. However, the protection film 4 is formed after the ferromagnetic metal layer 3 is 
dot-patterned, thereby the protection film 4 comes to cover both of the top face and side faces of 
the ferromagnetic metal layer 3. This is a difference from the structure shown in Fig.l7D. 

Even in the case of the recording medium shown in this fourth embodiment, just like in 
the second embodiment, as shown in the right half of Fig. 16, if the magnetizing directions of the 
ferromagnetic metal layers 1 and 3 are parallel to each other, the electrons having the spin that is 
antiparallel to those of the layers 1 and 3 are almost localized in the nonmagnetic metal layer 2 as 
shown by a reference numeral 8. The electrons having the spin in the same magnetizing 
direction as those of the layers 1 and 3 are localized wholly in the multilayer film 41 as shown by 
a reference numeral 7. On the other hand, as shown in the left half of Fig. 1 6, if the magnetizing 
directions of the ferromagnetic metal layers 1 and 3 are antiparallel to each other, the state of the 
electrons depends on the spin and the electrons are localized in the films 1 and 2 as shown by 
reference numeral 9 or in the films 2 to 3 as shown by reference numeral 10. 

Although the anti-ferromagnetic layer 51 is formed beneath the ferromagnetic metal 
layer 1 in the recording medium in the fourth embodiment, the layer 5 1 may be omitted just like 
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the recording medium in the first embodiment. Both writing and reading operations using the 
metal probe 5 in this fourth embodiment are the same as those in the first embodiment. 
[Fifth Embodiment] 

Fig. 18 shows a concept chart for a structure of the magnetic recording drive of the 
present invention. The multilayer film 41 described in each of the embodiments described 
above, which consists of, for example, an anti-ferromagnetic layer 51, a ferromagnetic metal 
layer 1, a nonmagnetic metal layer 2, a ferromagnetic metal layer 3, and a protection film 4 
laminated sequentially on a substrate 100, is assumed as a disk-like recording medium 20 here. 
The metal probe 5 that faces the multilayer film 41 is disposed in a lower portion of the slider 6 
provided at the tip of the arm 23. The arm 23 is rotational around a rotary supporting shaft 24 
and its position is controlled by an arm control motor 163. When the disk-like recording medium 
20 is rotated around a rotary shaft 160 by a spindle motor 161, the slider floats in the air by a 
predetermined distance just like an ordinary magnetic disk. Consequently, the metal probe 5 
comes to be disposed so as to face the multilayer film 41 at a fixed distance therebetween as 
described in the first to fourth embodiments. 

To record information in the recording medium 20 assumed as a domain in the 
magnetizing direction, a voltage is applied between the surface of the substrate 100 of the 
recording medium 20 and the metal probe 5 through the arm 23, then an electrical field is added 
to between the multilayer film 41 and the metal probe 5 as described in the first to fovirth 
embodiments. At this time, the multilayer film 41, the rotary shaft 160, and the spindle motor 
161 supported on the insulating supporting base 162 are all conductive and connected to each 
another electrically. Therefore, a voltage can be applied and a current can be detected through a 
signal current line 170 connected to the spindle motor 161 or rotary shaft 160. If the signal 
current line 170 is connected to the rotary shaft 160, the spindle motor 161 may be disconnected 
from the rotary shaft 160 electrically. 

Written data is output to a voltage applying device 164 from a data signal processor 167 
as a written data control signal 175. The voltage applying device 164 applies a probe voltage 
174 between the metal probe 5 and the multilayer film 41. When in reading information, as 
described in the first embodiment, a reading voltage E lower than the writing voltage (Eo) is 
applied between the metal probe 5 and the multilayer film 41 and enables the semiconductor 
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laser 60 to irradiate a light beam to the metal probe 5 according to the laser control signal 
received from the laser control unit 1 66. The magnetizing direction written by the metal probe 5 
in the recording medium 20 enables a current amplification detector 165 to read the tunnel 
current signal 170. The tunnel current, which is increased by the plasmon resonance caused by 
the incident light beam, flows between the metal probe 5 and the recording medium 20. This is 
because the state of the quantum well to be generated in the multilayer film 41 is determined by 
whether the relative magnetizing directions of the two ferromagnetic metal layers 1 and 3 are 
parallel or antiparallel to each other as described in the first embodiment, thereby the plasmon 
resonance energy comes to differ between parallel and antiparallel magnetizing directions. Read 
data signal 176 is processed by the data signal processor 167 and inputted/outputted as needed. 
The current amplification detector/servo signal generator 165 generates a servo signal 171 from 
a detected servo pattem and the servo signal 171 is used to control the track position of the arm 
23. 

Fig.l9A shows a structure of a slider 6 having a metal probe 5 and a laser beam is 
irradiated onto the tip of the metal probe 5. A light beam irradiated from the semiconductor laser 
60 passes a wave guide 61 , then it is irradiated onto the tip of the metal probe 5. If an end face 62 
of the wave guide 61 is cut at a proper angle beforehand, the light path is bent by the deflection to 
occur at the phase boundary, so that the laser beam is irradiated onto the tip of the metal probe 5 
efficiently. It is also possible to provide the end face 62 with a proper curvature to obtain a lens 
effect with which the laser beam is irradiated onto the tip of the probe efficiently. As shown in 
Fig.l9B, if a Pockels cell 64 is disposed in the wave guide 61 to polarize and modulate the laser 
beam, the S/N ratio is improved. In addition, as described in the first embodiment, if the 
wavelength of the semiconductor laser 60 itself is modulated through current modulation, the 
S/N ratio is improved. In the case of such polarization/modulation and wavelength modulation, 
the modulation firequency is inputted to the current amplification detector 165 as a reference 
signal 172 so as to improve the S/N ratio and detect the tunnel cvirrent signal 170. 

Means for applying a tunnel current and means for detecting the tunnel current are just 
required to apply a voltage between the probe 5 and the multilayer film 41 and detect the tunnel 
current that flows between those parts 5 and 41 according to the applied voltage. 
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Because the magnetic recording device is controlled according to the signal for 
recording the potential of the metal probe 5 in the multilayer film 41 and the magnetizing 
direction written according to the tunnel current increased by the plasmon resonance as 
described above, the same magnetic recording device as an ordinary magnetic disk drive can be 
realized. In this fifth embodiment, the anti-ferromagnetic layer 51 may be omitted from the 
multilayer film 41 that fimctions as a disk-like recording medium 20 just like in each of the 
above embodiments, of course. 

Fig.20 shows another structure of the slider of the magnetic recording device 20 of the 
present invention. 

hi the slider shovm in Fig.20A, a reading metal probe 70 and a writing metal probe 71 
are provided separately at the lower portion of the slider 6. The substrate side of the medium 20 
is conductive and a voltage is applied to the metal probe 71 through an arm 23, thereby 
magnetization information is recorded in the multilayer film 41 of the medium 20 assumed as a 
domain in the magnetizing direction according to the applied voltage. If the rotation of the 
recording medium 20 and the position of the metal probe 71 are controlled just like that of an 
ordinary magnetic disk drive according to the signal for recording the potential of the metal 
probe 71, the recording medium 20 can be used just like an ordinary magnetic disk drive. 

On the other hand, a magnetizing direction written on the recording medium 20 through 
the metal probe 71 is read according to the tunnel current, which is increased by the plasmon 
resonance caused by an incident light beam and flows between the metal probe 70 and the 
recording medium 20. The light beam irradiated fi"om the semiconductor laser 60 passes a wave 
guide 61, then it is irradiated onto the tip of the metal probe 70. If an end face 62 of the wave 
guide 61 is cut at a proper angle beforehand, the beam is deflected, thereby the laser beam is 
irradiated onto the tip of the metal probe 70 efficiently. In addition, if the end face 62 is provided 
with a proper curvature, it generates a lens effect, thereby the laser beam is irradiated onto the tip 
of the metal probe 70 efficiently. And, as described in the fifth embodiment, if a Pockels cell is 
disposed in the wave guide 61 to cause polarization/modulation, the S/N ratio is improved. If the 
wavelength of the semiconductor laser 60 itself is modulated through current modulation, the 
S/N ratio is improved. 
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The slider shown in Fig.20B has a sharp-pointed pattern 72 of a metal film used as a 
metal probe instead of the metal probe 5 used in the above embodiments. Reference numeral 73 
denotes a vertical view of the sharp-pointed pattem metal film 72. The apical angle is 5" to 10". 
The sharp-pointed pattem may be formed on an insulating substrate as an inverted triangle metal 
film pattem having a sharp tip with use of a lithographic technique employed widely in such 
manufacturing processes of semiconductors as resist patterning, ion milling, resist removing, 
etc., then bonded to the slider 6. Although the tip of the pattem is about lOOnm in size, it should 
preferably be smaller. The apical angle of the pattem tip should also be sharp more. The 
sharp-pointed pattem 72 can be formed of Au at a film thickness of 30nm or so. It may also be 
formed of such metal or carbon nano-tube as Au, Pt, and W having a thickness of 5 to lOOnm. 

Fig.20C shows the slider 6 having a reading sharp-pointed metal pattem 74 and a 
writing sharp-pointed metal pattem 75 attached at the lower portion respectively. Both writing 
and reading operations of the slider 6 are the same as those in the examples described above. 

Fig.21 shows another schematic block diagram of the magnetic recording device of the 
present invention. As shown in Fig.21 A, the metal prove 5 is attached at the lower portion of the 
slider 6 provided at the tip of the arm 23. On the other hand, the semiconductor laser 81 is held 
by an arm 80 and disposed at the opposite side of the metal probe 5 with the recording medium 
20 therebetween. The light beam 82 emitted from the semiconductor laser 81 is irradiated onto 
the tip of the metal probe 5 through the recording medium 20. 

As shown in Fig.21B, the rear side 83 of the recording medium 20 is shaved and waved at 
a proper fixed angle to the plane. Consequently, the light beam 82 emitted from the 
semiconductor laser 81 can excite the plasmon on the surface of the multilayer film 41 
positioned just beneath the metal probe 5. Magnetization information written in the recording 
medium 20 by the metal probe 5 can be read according to the tunnel current, which is increased 
by plasmon resonance and flows between the metal probe 5 and the recording mediimi 20. 
Fig.21 C shows a rear view of the recording medium 20. The rear side of the recording medium 
20 is shaved radially at a proper fixed angle to the plane in accordance with the movement of the 
arms 23 and 80, so that the light beam 82 emitted fi-om the semiconductor laser 81 is irradiated at 
every spot in the recording medium 20 at a fixed angle to the plane. 
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Fig.22 shows another schematic structure of the magnetic recording drive of the present 
invention. The disk-like recording medium 20 shown in Fig.22 A has many nano-pillars formed 
as shown in Figs 1 1 through 1 2 and those nano-pillars are composed to form each storage unit of 
the recording medium. Fig.22 shows an explanatory view of the recording medium on which a 
plurality of nano-pillars 28 are disposed concentrically around the center of the rotation in an 
area 27 expanded partially from an area 26 on the recording medium 20. The metal probe 5 can 
keep a fixed distance from the recording medium 20 due to a lift generated by the slider attached 
to the tip of the arm 23, thereby the metal probe 5 writes magnetization information in the 
nano-pillars 28 located at desired positions. On the other hand, magnetization information 
written in those nano-pillars by the metal probe 5 are read according to the changes of the tunnel 
current increased by the plasmon resonance occurred by the incident laser beam and flowing 
between the metal probe 5 and each of the nano-pillars 28. 

Fig.22B is an illustration for describing the track position dependency of the servo signal 
strength in each servo nano-pillar pattem 152 deviated gradually from the track position 153. 
The servo signal may be the tunnel current increased by the plasmon resonance caused by the 
incident light beam and flowing between the metal probe 5 and each of the nano-pillars 28. 
However, the servo signal may also be the strength of the light beam emission between the metal 
probe 5 and each of the nano-pillars 28, which is increased by the plasmon resonance caused by 
the incident light beam. The track position dependency of the servo signal strength can be used 
to control the track position. 

Fig.23 is still another schematic structure of the magnetic recording drive of the present 
invention. The magnetic recording drive shown in Fig.23 A includes a recording medium 40 
having a multilayer film 41 consisting of an anti-ferromagnetic layer 51, a ferromagnetic metal 
layer 1, a nonmagnetic metal layer 2, another ferromagnetic metal layer 3, and a protection layer 
4 as described in the first embodiment, as well as a position control mechanism of the metal 
probe 5, which employs a feedback controlling method that uses a tunnel current or optical lever 
employed generally for the STM (Scanning Tuimel Microscope) unit and the AFM (Atomic 
Force Microscope) unit. The recording medium 40 may also be configured by storage vmits, 
each consisting of nano-pillars. The recording medium 40 may omit the anti-ferromagnetic layer 
51. 
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The recording medium 40 is fixed and a substrate 3 1 is provided on a surface on which 
the muhilayer film 40 of the medium 40 is formed. The substrate 3 1 faces the medium 40. A 
pluraUty of plate springs 90 are provided on the substrate 31 so as to be disposed in both X and Y 
directions. As shown in Fig.23B, a metal probe 5 is provided at the tip of each of the plate 
springs 90 and a light beam emitted from a semiconductor laser 91 is irradiated onto the tip of 
each metal probe 5 through a wave guide 92. The substrate 3 1 can be moved by a driving 
mechanism 35 on the plane horizontally (X and Y directions) and vertically (Z direction) on the 
recording medium 40. The movement of the substrate 31 relatively with the recording medium 
40 is limited within the maximum range of each metal probe 5 in the X and Y directions, that is, 
up to a position just in front of the storage area 93 in/fi-om which data is written/read by the 
adjacent metal probe 5. Fig.23C shows a storage area (one cell) to be scanned by one metal 
probe 5. The recording area of the medium 40 is divided into such storage areas 93 and each of 
the plurality of metal probes 5 covers one of the storage areas 90 so as to record/reproduce 
magnetization information on/fi-om the recording medium 40. If input signals are serial ones, 
those serial signals are translated into parallel signals in an existing serial/parallel translation 
circuit so that the signals are written by a plurality of metal probes concurrently. Signals 
reproduced by a plurality of metal probes are translated into serial signals in a parallel/serial 
translation circuit, then transmitted to a signal processing circuit provided in a subsequent 
process step. The distance between each metal probe 5 and the multilayer film 41 of the 
recording medium 40 can be controlled by, for example, a mechanism used for an optical lever 
type AFM as described in the embodiments VI and VII in the patent document 2. 

Magnetization information is written in the recording medium 40 in the direction 
corresponding to the information signal by applying an electrical field between the recording 
medium 40 and each selected metal probe 5. The magnetizing direction written in the recording 
medium 40 is read according to the tunnel current increased by the plasmon resonance caused by 
the incident light beam irradiated from the semiconductor laser 91 onto the tip of each selected 
metal probe 5 through the wave guide 92. 
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